Abstract: The response of reinforced concrete elements to earthquake loads can be controlled by bending or shear behaviour, depending on the geometrical characteristics of the elements and on the reinforcement detailing. To represent the shear behaviour, in elements where shear is not negligible, it was developed and implemented in the VisualANL a non-linear shear model. Finally, in this paper are presented and discussed the results of a set of numerical calibration analyses based on tests on full-scale frames.
Introduction
Observations from collapsed and severely damaged structures following recent earthquakes reveal the complex behavior of reinforced concrete (RC) buildings under seismic actions [1, 2] . RC elements with insufficient reinforcement and/or inadequate detailing may be vulnerable to shear failure when subjected to earthquakes. Shear failure of columns leads to the reduction of buildings lateral capacity, by changing the inelastic structural deformation mechanism to the reduction of building's axial load-carrying capacity, and ultimately, building collapse [3, 4] .
Numerical modelling of reinforced concrete sections can be handled by different analysis models, ranging from simple to more detailed and refined strategies [5] . Several models have been developed in the last 20 years with high * E-mail: hrodrigues@ua.pt capability of reproducing axial force and flexure effects. On the other hand, the coupling between the effects of normal and shear forces is not straightforward, and hence only few available modeling strategies have taken it into account [6] . As examples of non-linear models that take into account the influence of shear in the non-linear response of frame structures we cite the following models: the fibre element model [7] [8] [9] [10] [11] , the continuum damage models [12] , the modifed compression field theory model [13] , and several other simplified models [14] [15] [16] [17] [18] . In this paper, we present a numerical model implemented in a structural analysis program (VisualANL). In the analysis of RC structures subjected to seismic actions, the use of non-linear models (monotonic behaviour laws combined with appropriate hysteretic rules) allow a more rigorous representation of the response [19] . As a matter of fact, the original version of the VisualANL program was able to represent the non-linear bending behaviour of RC elements (beams and columns). Each RC structural element is modelled by a macro-element defined as the association of three-bar finite elements, two with non-linear behaviour at its extremities (plastic hinges), and a central element with linear behaviour, as represented in Figure 1 [20] . The non-linear behaviour of the plastic hinge sub-elements is controlled through a modified hysteretic procedure, based on the Takeda model, as illustrated in Figure 2 . This model developed by Costa and Costa [22, 23] represents the response of a RC cross-section to seismic actions and contemplates typical mechanical behaviour effects as stiffness and strength degradation, pinching, slipping, internal cycles, etc.
Typical causes of damage and failure of RC buildings under seismic loads
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There are many reasons that justify the damages and failures of RC buildings under seismic action ( Figure 3) . The most common courses are associated with: i) stirrups/hoops, confinement and ductility; ii) bond, anchorage, lap-splices and bond splitting; iii) inadequate shear capacity and failure; iv) inadequate flexural capacity and failure; v) inadequate shear strength of the joints [25, 26, 28] ; vi) influence of infill masonry [31] ; vii) vertical and horizontal irregularities; viii) higher modes effect; ix) strong-beam weak-column mechanisms [21] , and, x) structural deficiencies due to architectural requirements [27] . However, it should be noted that sometimes the damages and failures are associated to a combination of these factors. In this paper, two models are proposed, one for the simulation of infill masonry panels, and the other for the simulation of the non-linear shear behaviour. Next are presented some aspects relation to the seismic behaviour associated with these phenomenons.
During earthquakes, the failures of beams and beam-tocolumn connections are most commonly related to inadequate use of transverse reinforcement for shear strength and confinement 3(b). These are typically local beam failures and will not necessarily lead to collapse of the building [29] . A common structural problem in buildings is inadequate transverse confinement reinforcement in the beam plastic hinging zones.
It is not worthwhile using strong, stiff and ductile structural members if they are not properly connected. Beam-tocolumn connections can suffer a significant loss of stiffness due to inadequate shear strength and anchorage capacity in the connection. Both of these failure modes are related to inadequate use of confinement reinforcement in the connection, and improper detailing of main reinforcement anchored in or passing through the connection [29] .
Also the amount and correct detailing of the reinforcing steel plays an important role in the seismic response of a RC structure. Therefore, for regions of moderate to high seismic risk it is necessary to reinforce the concrete structural members adequately. The designer's goal is to prevent the brittle crushing of concrete in compression prior to the stage when substantial yielding in tension reinforcement occurs [21] . The masonry infill in structural RC frames, even if they are relatively weak, can drastically modify the intended structural response, attracting forces to parts of the structure that have not been designed to resist them [4] . The examples provided below illustrate the relevant influence of the infill masonry in the behaviour of the frames 3(a). Masonry infill panels can increase substantially the global stiffness of the structure. Consequently, the natural period of the structure will decrease and, depending on the spectrum shape at the natural period of the bare structure, the seismic forces will correspondingly increase. Also the presence of structural irregularities can lead to an inadequate behaviour of structures. The abrupt changes in stiffness, strength or mass in structural and/or element properties of a building, either in plant or in elevation, can result in distributions of lateral loads and deformations very different from those that are anticipated for uniform structures [30] . As evidenced by several recent earthquakes, structural configuration plays an important role in the building's behaviour.
Inadequate shear behaviour
Typical gravity and wind load designs normally results in a design shear force significantly lower than the shear force that could be developed in a column during seismic loading. Therefore, shear limit states should be avoided in the seismic resistant structures. For this goal, the shear demand should be limited or shear capacity should be enhanced.
Corner columns in buildings may suffer more severe damage due to insufficient shear strength and/or poor confinement. Particularly, for irregular buildings with significant eccentricity between the centre of mass and the centre of resistance, where the torsional effects may impose higher demands in corner columns, the torsional actions associated to other forces in these columns may weaken its response, anticipating the damage for lower inter-storey drift demands. Rectangular columns loaded mainly in its strong axis direction tends to fail in shear (see Figure 4 (a)). In current buildings, the presence of infill masonry with apertures may creates the short-column mechanism, associated to the partial lateral displacement restrained, inducing a stiffer columns behaviour, attracting higher shear forces than the considered at the design phase [32] . Examples of columns' failures in shear associated to the short-column mechanism are shown in Figure 4 (b). It should be said that many RC building structures collapse during seismic events associated with inadequate shear reinforcement of beam-column joints [26, 37] . Recent earthquakes, as L'Aquila, Lorca, showed that deficiencies in the detailing of beam-column joints (i.e. the lack of transverse reinforcement, poor anchorage of the beam longitudinal bars in the joint core and use of reinforcement with poor bond conditions, as the plain round bars) may induce a non-ductile brittle failure of the joints. Experimental research has been recently developed to study solutions for the improvement of RC bema-column joints performance, see for example the work developed by Tsonos, Fernandes et al., and Rodrigues et al. [33] [34] [35] [36] .
Model for shear behaviour of RC elements
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The seismic response of slender RC structural elements is dominated by flexure behaviour. But, when the slenderness drops to a certain level, the behaviour is controlled by shear. Shear behaviour is characterised by very low ductility and, generally, by poor performance under cyclic loading. In RC building structures, it is common to use RC walls to increase the global stiffness of the structure, and therefore, control the deformation demands. Current analysis programs support non-linear models just in bending. A new non-linear shear behaviour model was proposed, and implemented in the PORANL computer program [20] .
Proposed macro-model
The non-linear shear behaviour model was implemented based on the frame macro-model available in the PORANL program for bending. Therefore, each RC structural el- ement is modelled as the association of three-bar finite elements, two with non-linear behaviour at its extremities, and a central element with linear behaviour, as represented in Figure 1 . The non-linear monotonic behaviour curve of an element is characterized through a tri-linear forcedistortion relationship. The hysteretic rules are controlled by three additional parameters, namely: α-stiffness degradation; β-"pinching" effect; and, γ-strength degradation.
Hysteretic rules
In the shear model, the non-linear behaviour is characterized by hysteretic rules based on the Takeda's model [39] , allowing the computation of the response to cyclic loads depending on the material's behaviour (defined by the envelop curve and hysteretic parameters). The hysteretic rules are briefly exemplified in Figure 5 . The loading stiffness depends on the maximum force and displacement value reached in the previous cycle (F and ). The loading begin at the point corresponding to null-force ( ) and its stiffness is defined by the Equation 1:
The unloading happens when a load inversion occurs. The unloading stiffness depends on the maximum displacement reached. Before the yielding point has been reached, the unloading stiffness (K ) will be equal to the initial stiffness (K 0 ). If the maximum displacement reached is larger than the yielding displacement, but smaller than (cracking displacement), the unloading stiffness (K ) will depend on the parameter α, and on the maximum displacement reached in that cycle, defined by Equation 2.
If the maximum displacement reached is larger than , the unloading stiffness (K ) will depend only on the parameter α. The unloading stiffness is given by Equation 3:
The "Pinching" effect is important for elements where the shear behaviour is dominant. The pinching effect is represented dividing the reloading branch in sub-two branches with different stiffness (Figure 6 ). The pinching effect is controlled through the parameter β, and depends on the maximum displacement reached previously. The strength degradation, for repeated cycles of certain distortion amplitude, was implemented considering interaction between the degradation in shear of one direction in the other (see Figure 7 ).
Post-yield strength and stiffness degradation with cycling is modeled by directing the reloading branch, after modification for pinching, towards a point at a displacement equal to and at a force F = (1 − γ) × F , where γ is the Wang and Shah damage index [23] , Figure 7 . After reaching this terminal point of the reloading branch, further loading takes place parallel to the post-yielding stiffness of the virgin loading curve. When a load inversion takes place before the maximum force or the maximum displacement is reached, the model is able to reproduce the so-called internal cycles, with all the effects described above. 
Calibration of the proposed shear model
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The proposed macro-model to simulate the shear behaviour were calibrated using results obtained from a experimental campaign at the research network ICONS, addressing the seismic assessment and retrofitting of existing structures.
The experimental research work includes several studies carried out at the ELSA laboratory, at the JRC. Two fullscale four-storeys, three-bays reinforced concrete frames representative of the existent RC structures (one as a bare frame and other as a infilled frame), were designed, constructed and tested in sequence using pseudo-dynamic testing procedures. The frames were subjected separately to pseudo-dynamic tests to assess the earthquake performance of each, the bare concrete frame and the frame structure with infill masonry walls (Figure 8 ) [21] . The structure is represented by a plane frame model (considering three DOF's per node, i.e. two translations and one rotation) with four storeys and three bays. The crosssections' geometrical characteristics and the reinforcement detailing of the columns and beams as well as the infill masonry properties can be found in the literature [21] .
Results
To illustrate the ability of the proposed shear model, it was simulated the response of the first storey strong column of the ICONS frame [21] . The strong-column is characterized by a rectangular cross-section with dimensions of 0.60 m × 0.25 m. The column reinforcement splicing, joints and stirrup detailing should be noted in particular, as they are representative of the lack of confinement common in non-ductile reinforced concrete structures constructed until the late 1970's. The geometric characteristics column and reinforcement details are shown in Figure 9 (c).
The reinforcement steel used in the construction of the frames had an average Young modulus of 204.5 GPa and a min yielding strength of 343.6 MPa and the compressive strength tests on concrete reference specimens were performed presents a mean value of 16.6 MPa [40] .
The studied column was exhaustively instrumented (see Figure 9(a) ). For the tests, a set of 27 relative displacement transducers were installed on the column, located as represented in Figure 9 (a), witch allows to capture the column deformation (in bending and in shear) at three levels. To reproduce the measured deformations during the tests, a simplified model of the column was built. The column was simulated with the following boundary conditions (9(b)): a) displacements and rotations blocked at the base; b) compression axial force was applied, corresponding to the vertical loading; c) imposed lateral displacement ( Figure 10 ) and rotation ( Figure 11 ) at the top of the column, according to the measured results (local instrumentation) during the tests. For the imposed conditions, it was performed two series of analysis. First, it was considered only the bending behaviour. Secondly, it was considered the bending and shear behaviour. From the experimental results, the shear force attracted to the strong-column was estimated as a parcel of the total storey shear with simplified processes [38] . In the first analysis was modelled only the bending behaviour. Figure 12 illustrates the evolution of the shear force in the column (numerical and experimental results). Moreover Figure 13 shows the column shear-drift results. For the second analysis, it was modeled the response of the strong column to the imposed boundary conditions, considering the shear and bending behavior. Figure 14 is presented the evolution of the shear force in the column (numerical and experimental results). In Figure 15 are represented the column shear-drift results. From the results obtained, it can be concluded that in RC columns with significant shear stiffness the bending mechanism may not be able to accurately reproduce their behavior under earthquake loading, particularly for higher demands. The numerical results presented illustrates that the combination of the bending and shear behavior provides a better representation of the experimental results.
In fact, from the analysis of the results, a close matching between the experimental results and the analytical simulations with the model combining bending and shear non-linear behavior was observed.
For the lower drift demand levels (see Figures 13(b) and 15(b)) both analyses, with and without considering the shear contribution to the response, gives an approximate representation of the strength and stiffness evolution observed in the test. However, the prediction of maximum strength and post-yielding stiffness is not captured with the model without considering the shear contribution, leading to an error of about 35% in terms of maximum strength. 
Conclusions
Structural analysis programs that include non-linear models are valuable tools in the analysis and verification of structural safety, providing the engineer with the capacity to represent more precisely the real behaviour of the structures. For the design of new structures or capacity assessment of existing ones, nonlinear analyses allow for a better representation of the structural response under any loading condition, and under earthquake loading in particular.
The proposed shear model was able to accurately reproduce the experimental results, not only in terms of the maximum shear and deformation values, but also in terms the dissipated energy and hysteretic behaviour.
it is recognised that very limited information is available on the hysteresis rules for shear response of RC columns. Based on cyclic testing results available in the literature on RC columns, and adopting a parametric simulation analysis, best-fitting empirical expressions may be derived. These expressions may be used in the simulation of the shear behaviour of columns in the assessment of existing building structures.
However, a more exhaustive testing campaign would help to calibrate the proposed model. The program is now able to take into account the shear behaviour of RC elements, which can allow the development of exhaustive parametric analyses to understand the influence of shear in the behaviour of RC building subjected to earthquake loads.
